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Subduction of tectonic plates is one of the most important tectonic processes, yet 
many aspects of subduction zone geodynamics remain unsolved and poorly understood, 
such as the depth extent of the subducted slab and its geometry. The Alaska subduction 
zone, which is associated with the subduction of the Pacific Plate beneath the North 
America plate, has a complex tectonic setting and carries a series of subduction episodes, 
and represents an excellent target to study such plate tectonic processes. Previous 
seismological studies in Alaska have proposed different depth estimations and geometry 
for the subducted slab. The Mantle transition zone discontinuities of the 410km and the 
660 km provide independent constraints on the depth extent of the subducted slabs. We 
conducted a receiver function study to map the topography of the 410 km and the 660 
km discontinuities beneath Alaska and its adjacent areas by taking advantage of the 
teleseismic data from the new USArray deployment in Alaska and northwestern Canada. 
Stacking over 75,000 high-quality radial receiver functions recorded in Alaska with more 
than 40 years of recording period, the topographies of the 410 km and 660 km are 
mapped. The depths of both d410 and d660 show systematic spatial variations, the mean 
depth of d410 and d660 are within 6 km and 6 km from the global average, respectively. 
The mean MTZ thickness of the entire study area is within -2 km from the global average 
of 250 km, suggesting normal MTZ conditions on average. Central and south-central 
Alaska are characterized by a larger than normal MTZ thickness, suggesting that the 
subducting Pacific slab is thermally interacted with the MTZ. This study shows that 
lateral upper mantle velocity variations contribute the bulk of the observed apparent 
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Alaska has a complex tectonic fabric; the transform plate boundary in 
southeastern Alaska turns into a complicated multistrand fault system. The southern 
Alaska margin preserves a 200-million-years history of episodic subduction and accretion 
processes [Plafker et al., 1994]. Along southern and southwestern Alaska, the Pacific 
Plate subducts beneath the North American plate with subduction rate of about 57mm/y 
[DeMets et al., 1990]. Given that rate of subduction, the subducted slab should have 
reached the depth to the mantle transition zone after about 20 million years since the 
subduction has occurred. Even if we consider a various subduction rates and break in the 
slab during its subduction history, the slab is yet expected to reach the depth of the lower 
mantle transition discontinuity of d660, at least within 100 million years. Seismological 
studies provide robust tools to reveal the depth extent of subducted slab, one of the main 
tools is seismic tomography. Unfortunately, as the depth increases, the tomographic 
images lose it resolution and the resolving power of this technique is reduced [Gao and 
Liu, 2014b]. Thus, almost all of the tomographic images that have been produced the 
map the subducting slab beneath Alaska have resulted in different depth estimations. For 
instance, in central Alaska, seismic tomographic studies revealed high velocity anomalies 
corresponding to the subducting slab down to the depth ranges from 140-190 km [Zhao et 
al., 1995; Qi et al., 2007a; Wang and Tape, 2014], while a deeper than 400 km was 




Receiver-function analysis is another robust method for extracting constraints on 
crust and upper-mantle structure from teleseismic waveforms recorded at three-
component seismic stations [Nair et al., 2006]. Timing and amplitude of the arrivals in 
the receiver function are sensitive to the local earth structure [Langston, 1979]. Depths of 
the Moho, upper mantle, and mantle transition zone discontinuities, especially d410 and 
d660, are determined by measuring the time separation between the direct P wave and the 
converted phases [Zhu and Kanamori, 2000; Liu et al., 2003; Gao et al., 2004; Liu and 
Gao, 2006]. Receiver function stacking can reveal the variations in the topography of the 
mantle transition zone discontinuities of d410 and d660. Given the high sensitivity of the 
topographies of d410 and d660 of the MTZ to the mineral phase changes as a function of 
the thermal conditions, they can provide independent constraints on the depth extent of 
the subducted slabs [Collier and Helffrich, 2001; Lebedev et al., 2002; Li and Yuan, 
2003]. 
The only previous MTZ study on a regional scale for Alaska was conducted by Ai 
et al [2005], using teleseismic data recorded at 36 stations from different networks, 1804 
receiver functions were obtained and stacked in circular bins with radius of 120 km. 
Their results show a varied d410 and d660 topography, and an overall normal d410 and 
elevated d660, leading to a 20 - 30 km thinning of the MTZ in most of the study area, 
which attributed to a 100-200 K higher-than-normal MTZ temperature [Ai et al., 2005].    
This study represents the first P-to-S receiver function study for the entire Alaska, 
by taking the advantage of the dramatically increased spatial coverage of high-quality 
broadband seismic data recorded since the Ai et al [2005] study, which covers 
approximately 20% of the area investigated by this study.  This study aims at providing 
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constraints on the lateral and depth extent of the subducted slab. We also examine the 
possible presence of the Pacific or any ancient relic slabs beneath Alaska, as well as the 





I. RECEIVER FUNCTION IMAGING OF MANTLE TRANSITION ZONE 
DISCONTINUITIES BENEATH ALASKA 
ABSTRACT 
The 410 and 660 km discontinuities (d410 and d660, respectively) beneath 
Alaska and adjacent areas are imaged by stacking 75,296 radial receiver functions 
recorded by 438 broadband seismic stations with up to 30 years of recording period. 
When the 1-D IASP91 Earth model is used for moveout correction and time-depth 
conversion, significant and spatially systematic variations in the apparent depths of the 
d410 and d660 are observed. The mean apparent depths of the d410 and d660 for the 
entire study area are 417±12 km and 665±12 km, respectively, and the mean mantle 
transition zone (MTZ) thickness is 248$\pm$8 km which is statistically identical to the 
global average. For most of the areas, the undulations of the apparent depths of the 
d410 and d660 are highly correlated, indicating that lateral velocity variations in the 
upper mantle above the d410 contribute the bulk of the observed apparent depth 
variations by affecting the travel times of the P-to-S converted phases from both 
discontinuities. Beneath central Alaska, a broad zone with greater-than-normal MTZ 
thicknesses and shallower-than-normal d410 are imaged, implying that the subducting 
Pacific slab has reached the MTZ and is fragmented. Within the proposed Northern 
Cordilleran slab window, an overall thinner-than-normal MTZ is observed and is most 
likely the result of a depressed d410. This observation, when combined with results 
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from seismic tomography investigations, may indicate advective thermal upwelling 




Subduction of the Pacific-Kula plates beneath southern Alaska has occurred since 
at least 160 Ma [Fisher and Magoon, 1978; Wang and Tape, 2014]. Currently, the Pacific 
Plate subducts beneath Alaska at a rate of about 57 mm/year in a northwestward direction 
[DeMets et al., 1990]. The normal subduction beneath the Aleutian trench changes to 
oblique beneath south-central Alaska [Page et al., 1989]. Based on the seismicity along 
the Wadati-Benioff zone, the depth of the seismogenic section of the subducting slab is 
about 100-150 km in south-central Alaska, and deepens to the west toward central 
Aleutian, where it exceeds 300 km (Figure 1.1) [Taber et al., 1991; Page et al., 1995]. 
The subducting Pacific slab probably joins with the Yakutat microplate along its eastern 
edge [Eberhart-Phillips et al., 2006]. 
The geometry and depth extent of the aseismic section of the subducted Pacific-Yakutat 
plate have been investigated by numerous seismic tomographic studies [Zhao et al., 1995; 
Wang and Tape, 2014; Qi et al., 2007; Martin-Short et al., 2016; Burdick et al., 2017]. 
The most significant feature in most tomographic images in central Alaska and along the 
Aleutians is a high velocity zone elongating NE-SW in the upper mantle (Figure 1.2). 
While some earlier studies (e.g., Qi et al., 2007] limited this high velocity zone in the 
upper mantle, the most recent work [Martin-Short et al., 2016; Burdick et al., 2017] 
found it extending to the upper MTZ (Figure 1.2). Whether it also exists in the lower 
MTZ is unclear, due to limited vertical resolution of the tomographic inversion 




Figure 1.1. A topographic relief map of the study area showing the distribution of the 
stations used in this study (blue triangles), and contour lines of the depth of the 
subducting Pacific slab (red lines; the contour interval is 50 km) [Gudmundsson and 
Sambridge, 1998]. The purple dashed line in the central part of the mapped area shows 
the lateral extent of the subducted Yakutat microplate, and the purple dashed line in the 
southeastern corner of the mapped area indicates the southern edge of a slab window 
[Thorkelson et al., 2011]. The black dashed line defines the western boundary of the 
North American Craton [Yuan and Romanowicz, 2010]. 
Beneath the western Canadian Cordillera to the east and southeast of the Pacific-
Yakutat slab assemblage, geophysical and geochemical studies have recognized a gap in 
subducted slabs, known as the Northern Cordilleran Slab Window (NCSW) [Thorkelson 
and Taylor, 1989; Frederiksen et al., 1998; Thorkelson et al., 2011]. The abundant 
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volcanism above the NCSW has been regarded as the consequence of the upwelling of 
anhydrous and hot asthenospheric mantle through the slab window [Thorkelson et al., 
2011]. In this area, Frederiksen et al [1998] imaged a low velocity layer (LVL) that 
reaches 600 km depth but could be exaggerated by 100 km or more due to vertical 
smearing. The maximum P-wave velocity anomaly is about 3%, with an upper mantle 
average of about 2% at the center of the tabular feature which is centered at 
approximately 136ºW by 60ºN. This feature was also reported by Qi et al [2007], but it is 
limited in the 0-400 km depth range, with an estimated average upper mantle Vp velocity 
anomaly of 2%. The considerable uncertainty about the depth extent of this LVL is also 
reflected in the most recent tomographic studies shown in Figure 1.2 [Martin-Short et al., 
2016; Burdick et al., 2017]. 
The significant discrepancies in the resulting depth extent of the velocity 
anomalies beneath various parts of the study area are most likely the result of limited 
vertical resolution of the tomographic inversion techniques, as recently demonstrated by 
Foulger et al [2015]. Reliably determining the depth extent of velocity anomalies 
especially their relationship with the MTZ discontinuities can provide essential 
constraints on the formation mechanisms of the anomalies. For the study area, under the 
assumption that the Kula and Pacific plates stated subducting beneath Alaska 90 million 
years ago [Wen and Anderson, 1995] at the current rate of 57 mm/yr [DeMets et al., 
1990], a total of over 5000 km of slabs have subducted. Whether the slabs remain only in 
the upper mantle, have reached the d410, have entered the MTZ and been horizontally 
deflected by the d660 [Fukao et al., 2001], or have penetrated to the lower mantle are 




Figure 1.2. (top row) Vertically averaged upper mantle, upper MTZ, and lower MTZ P-
wave velocity anomalies from Burdick et al. [2017]. (bottom row) Same as the top row 
but from Martin-Short et al. [2016], which has data only in the area confined by the 
purple lines. 
Numerous previous studies have demonstrated that the depth variations of the 
d410 and d660 can provide independent constraints on the depth extent of subducted 
slabs and high temperature anomalies [e.g., Anderson, 1967; Wicks and Richards, 1993; 
Collier and Helffrich, 2001; Li and Yuan, 2003; Liu et al., 2003; Liu et al., 2016]. The 
d410 and d660 are ubiquitous and well established in most global model [Kennett and 
Engdahl, 1991; Kennett et al., 1995]. They are associated with mineral phase changes 
between α- and β -olivine at 410 km [Ringwood, 1975], and from spinel to post-spinel 
(perovskite and magnesiwüstite) at 660 km [Ito and Katsura, 1989]. Mineral physics 
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experiments have indicated that the d410 and d660 have positive and negative Clapeyron 
slopes, respectively [Bina and Helffrich, 1994; Helffrich, 2000; Katsura et al., 2003; Fei 
et al., 2004], although the magnitude of the slopes are inconsistent among previous 
studies (see Ghosh et al. [2013] for a summary). Under normal mantle temperature 
conditions, a thicker MTZ is expected in colder regions due to an uplifted d410 and 
depressed d660, and the vice versa [Ringwood, 1975; Ito and Katsura, 1989; Helffrich, 
2000; Gao et al., 2002]. In addition to temperature variations, the existence of water in 
the MTZ plays a significant role on the depth of the mineral phases change. Experimental 
studies have shown that water has similar effects as low temperature on the topography of 
the d410 and d660 [Smyth and Frost, 2002; Litasov et al., 2005]. An increase of about 
1% water content leads to a 14 km increase of the MTZ thickness [Ohtani and Litasov., 
2006]. 
The only existing MTZ study on a regional scale for Alaska was conducted by Ai 
et al [2005], for the area of -154º to -146ºE, and 61º to 66ºN. Using teleseismic data 
recorded at 36 stations from different networks, 1804 receiver functions were obtained 
and stacked in circular bins with radius of 120 km. Their results show a varied d410 and 
d660 topography, and an overall normal d410 and elevated d660, leading to a 20 - 30 km 
thinning of the MTZ in most of the study area, which was attributed to a 100-200 K 
higher-than-normal MTZ temperature [Ai et al., 2005]. 
This study represents the first P-to-S receiver function (RF) study for the entire 
Alaska, by taking the advantage of the dramatically increased spatial coverage of high-
quality broadband seismic data recorded since the study of Ai et al [2005], which covered 
approximately 20% of the area investigated by this study. This study aims at providing 
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constraints on the lateral and depth extent of the subducted slab by using about 42 times 
more RFs than the most recent previous MTZ study for Alaska [Ai et al., 2005]. We 
examine the possible presence of subducted slabs in the MTZ beneath Alaska, as well as 
the depth extent of some of the low-velocity anomalies detected by the previous studies 
in the area.  
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2. DATA AND METHODS 
The teleseismic data utilized in this study were obtained from the Incorporated 
Research Institutions for Seismology (IRIS) Data Management Center (DMC). We 
requested all the available broadband seismic data recorded by seismic stations in the 
area of 50°N to 73°N, and –177°E to –124°E. The seismograms were recorded by 
different seismic networks (portable and permanent stations including 95 stations from 
the new deployment of the Transportable USArray of the EarthScope project) for the 
recording period between the late 1970s and the end of 2016. For each event with 
varies focal depth and epicentral distance ranging from 30° to 100°, we calculated the 
cut-off magnitude as defined by Liu and Gao [2010]: 
 
Mc=5.2+(De−30.0)/(180.0−30.0)−Hf/700 ……………….. (1) 
 
where De is the epicentral distance in degree, and Hf is the focal depth in km. 
Following the procedure of Gao and Liu [2014a], the original seismograms 
were windowed, selected, and filtered. All the filtered seismograms with signal-to-
noise ratios (SNR) ≥ 4 on the vertical component were converted into radial receiver 
functions (RFs) using the procedure of Ammon [1991]. An exponential weighting 
function centered at the theoretical PP arrival is used to minimize the amplitude of the 
PP arrivals prior to RFs calculation [Gao and Liu, 2014a]. To ensure the quality of the 
results, the resulting RFs are then subjected to an SNR-based selection procedure 
detailed in Gao and Liu [2014b]. A total of 75296 high-quality RFs from 5311 events 




Figure 2.1. An azimuthal equidistant projection map illustrates the distribution of 
earthquakes used in the study. Each colored dot (radius=1°) represents the 
corresponding number of used receiver functions from the earthquakes in the circle. 
Note the nonlinear nature of the scale bar. 
We geographically divided the study area into a grid of circular bins with a 
radius of 1°, and the distance between the center of the bins is 1º, which corresponds to 
111.2 km along the N-S direction, and from 40 to 70 km along the E-W direction 
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depending on the latitude. For each bin, we moveout-corrected and stacked the RFs 
(under the non-plane wave assumption) with piercing points in the bin at the depth of 
535 km (the middle of the MTZ) (Figure 2.2). Using the IASP91 Earth model, all the 
stacked RFs were converted into depth series, for the depth range of 350-700 km with a 
vertical resolution of 1 km. To ensure reliability, a bin is not used if the number of RFs 
is less than 30 (Figure 2.3). A bootstrap resampling procedure with 20 bootstrap 
iterations is applied to determine the mean and standard deviation of the MTZ 
discontinuity depths [Efron and Tibshirani, 1986; Liu et al., 2003]. The depths series 
were checked visually to reject traces with weak or ambiguous arrivals. The resulted 
depths of d410 and d660 are apparent depths because a 1-D Earth model rather than a 
realistic 3-D model was used. Figures 2.4 and 2.5 illustrates two examples of resulting 
depth series along the N60° latitudinal line traversing south-central Alaska and the 
W150º longitudinal line traversing along the N-S direction, along which robust P-to-S 




Figure 2.2. A topographic relief map of the study area showing the ray-piercing points 
(crosses) at the depth of 535 km. The inset in the upper right corner is an azimuthal 
equidistant projection map centered at the study area (the blue triangle), showing the 





Figure 2.3. Spatial distribution of the number of RFs in radius=1° bins. The red stars 
denote the active volcanoes in Alaska (www.avo.alaska.edu). Circles indicate the center 




Figure 2.4. Depth series from stacking of RFs in radius = 1◦ bins along the N60° 
profile. The mean depth series are shown by the thick red lines after averaging over all 
the 20 bootstrap iterations. The circles indicate the average depths of the d410 and 
d660, and the error bars show two standard deviations of the depths. The number RFs 




Figure 2.5. Depth series from stacking of RFs in radius = 1◦ bins along the W150° 
profile. The mean depth series are shown by the thick red lines after averaging over all 
the 20 bootstrap iterations. The circles indicate the average depths of the d410 and 
d660, and the error bars show two standard deviations of the depths. The number RFs 





A total of 596 bins with prominent arrivals of either d410 or d660 are obtained. 
Among these bins, 536 and 505 possess clear d410 and d660 arrivals, respectively, and 
445 have reliable d410 and d660 arrivals. Figure 3.1 shows cross-sections of the 
resulting depth series for bins along two latitudinal lines, and Appendix A shows all of 
the 596 resulting depth series plotted along 24 latitudinal profiles (from 50ºN to 73ºN 
with an increment of 1º). 
The resulting depth series reveal robust P-to-S conversions from the d410 and 
d660, which are most clearly observed when the traces are sorted based on the apparent 
depths of the d410 (Figure 3.2a) or d660 (Figure 3.2b) arrivals. On a small fraction of 
the time series, multiple and/or weak arrivals of d410 or d660 are observed. In such 
cases, we select the arrival that has a similar shape and depth with the nearby bins. A 
continuous curvature surface gridding algorithm with a tension factor of 0.5 [Smith and 
Wessel, 1990] is used to produce spatially continuous images for the observed d410 
and d660 depths and MTZ thickness (Figures 3.3, 3.4, and 3.5) for the area sampled by 
the RFs. To ensure reliability, areas with a distance greater than 1.5º from the nearest 
bin are masked. 
Because a 1-D Earth model rather than a realistic 3-D model is used to produce 
the results shown in Figures 3.3, 3.4, and 3.5, the resulting depths of the d410 and d660 
are apparent rather than true depths. The apparent depths are functions of both the true 
depths of the discontinuities and velocity anomalies above the discontinuities. High 
velocity anomalies artificially uplift the depths, and vice versa. Velocity anomalies in 
the crust and upper mantle (i.e., above the d410) affect both the apparent depths of 
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d410 and d660 almost equally, and consequently lead to highly correlated apparent 
depth variations. In contract, anomalies in the MTZ only affect the apparent depths of 
the d660. For the majority of the study area, the depths of the d410 and d660 are well-
correlated (Figure 3.6), suggesting that the observed spatial variations of the apparent 
depths are mostly caused by lateral velocity heterogeneities in the upper mantle. 
 
Figure 3.1. Depth series from stacking of RFs in radius = 1º bins along (a) the 60ºN and 
(b) 65ºN profiles. The circles indicate the average depths of the d410 and d660, and the 
error bars show two standard deviations of the depths. The number of RFs in each of 




Figure 3.2. (a) Resulting depth series for each of the bins with one or two observable 
MTZ discontinuities, plotted with sequentially increasing depth of the d410. (b) Same 




Figure 3.3. (a) Smoothed spatial distribution of resulting d410 depth. (b) standard 




Figure 3.4. (a) Smoothed spatial distribution of resulting d660 depth. (b) standard 




Figure 3.5. (a) Smoothed spatial distribution of resulting MTZ thickness. (b) standard 
deviations of the d410 depth measurements. Note that in (a), only measurements that 





Figure 3.6. Apparent depths of d410 plotted against apparent depths of d660. XCC: 
cross-correlation coefficient. 
3.1 SPATIAL VARIATION OF THE APPARENT DISCONTINUITY DEPTHS 
The mean apparent depths of the d410 and d660 for the entire study area are 
417±12 and 665±12 km, respectively, and the thickness of the MTZ in the study area 
ranges from 226 to 282 km with a mean of 248±8 km, that is almost identicalto the 
normal value of 250 km in the IASP91 Earth model [Kennett and Engdahl, 1991]. On 
the basis of the characteristics of the discontinuity depth and MTZ thickness 
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measurements as well as known mantle velocity and tectonic provinces, we divide the 
study area into 8 regions (Figure 3.7). 
 
Figure 3.7. Map showing division of the area into 8 regions. Each region is indicated by 
differently colored circles representing the center of the bins. 
Along the Aleutian Arc (Region A), the d410 is normal to slightly depressed with 
a mean apparent depth of 417±7 km, and the d660 is depressed with a mean of 670±12 
km. The MTZ thickness in this region ranges from normal to thicker-than-normal with a 
mean value of 255±10 km. The western part of this area shows an approximately 15 km 
thickening of the MTZ. The MTZ beneath southern Alaska (Region B) is bipolar. It is 
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about 8 km thinner than normal in the western half, and is several km thicker than normal 
on the east. 
The area above the proposed NCSW (Region C) is featured by significantly 
depressed d410 and d660, with mean apparent depths of 431±9 and 673±9 km. The 
thinnest MTZ in this area is 229 km, which is 21 km thinner than the global average of 
250 km, mostly due to a greater apparent depression of the d410 (Figure 3.3) relative to 
that of the d660 (Figure 3.4). Both the d410 and d660 beneath western Alaska and 
adjacent areas (Region D) show an apparent depression of about 15 km, resulting in 
mostly normal MTZ thicknesses. Due to the low number of RFs in this area (Figure 2.3), 
the results for this area have large uncertainties. 
Central Alaska (Region E) is sufficiently sampled by the RFs (Figure 2.3), and is 
characterized by apparently uplifted d410 and d660 for most of the area. In this area, the 
MTZ thicknesses range from 240 to 282 km. Spatially, this area is dominated by patches 
of thicker-than-normal thicknesses, except for the southern margin, where a thin MTZ is 
observed (Figure 3.5). Beneath the Wrangellia Terrane (Region F), the d410 and d660 are 
both normal, resulting in a normal MTZ thickness. Northern Alaska (Region G) is 
featured by normal depth and thickness measurements. Line Region D, the number of 
RFs per bin is among the lowest in the study area. 
The North American Craton (Region H) is dominated by shallower than normal 
apparent discontinuity depths, with mean values of 401±5 and 646±4 km for the d410 
and d660, respectively, leading to a slightly less than normal mean MTZ thickness of 
246±6 km. This is consistent with the high-velocity anomalies of the upper mantle that 
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were mapped beneath this region [Qi et al., 2007] and relatively high stacking amplitude 
relative to that of the direct P-wave (Figure 3.8). 
 
Figure 3.8. (a) Smoothed spatial distribution of the stacking amplitude (relative to that 
of the direct P-wave) for d410. (b) Same as (a) but for d660. 
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3.2 VELOCITY-CORRECTED DEPTHS 
 
In order to convincingly convert the apparent depths obtained using the 1-D 
IASP91 Earth model into the true depths, accurately determined 3-D velocity models 
for both Vp and Vs with sufficient spatial resolution for the entire crust and upper 
mantle as well as the MTZ are required. Results from the recent work of Martin-Short 
et al [2016], which is so far the only study that has utilized the newly-recorded 
USArray TA data and simultaneously obtained both Vp and Vs anomalies, are ideal for 
making the corrections, but only for central part of the area investigated by this study 
(Figure 1.2). The procedure that we used here to make the corrections is identical to 
that Gao and Liu [2014b] used for correcting the MTZ discontinuity beneath the 
contiguous United States using the Vs and Vs results of Porritt et al [2013]. 
Comparing the velocity-corrected depths (Figures 3.9a and 3.9b) with the 
apparent depths (Figures 3.3 and 3.4), it is clear that the overall magnitude of the depth 
undulations is reduced for most of the areas, as highlighted by the significantly reduced 
magnitude (up to about 15 km) of the shallowing of the d660 in central Alaska. 
However, the corrected d410 and d660 depths are still positively correlated, with a 
correlation coefficient of 0.69. Although this is smaller than the original value of 0.78, 
the positive correlation between the corrected depths of the d410 and d660 possibly 
suggests that the magnitude of the velocity anomalies in the velocity models is 
underestimated for the area. Alternatively, this might be caused by the difference in the 




Figure 3.9. (a) Corrected d410 depth for the area covered by the study of Martin-Short 





Numerous studies have utilized the topography of the MTZ discontinuities to 
provide independent constraints on the depth extent of subducted slabs as well as the 
roots of mantle plumes [Liu et al., 2003; Emry et al., 2014; Cottaar and Deuss, 2015]. 
Despite the velocity corrections we made using the most recent velocity model, the 
depths of d410 and d660 are still apparent depths and cannot be interpreted as true 
depths. However, it’s well-known that the MTZ is less heterogeneous in comparison to 
the upper mantle, where strong velocity perturbations are existed [Vinnik et al., 1996], 
suggesting that any velocity changes within the upper mantle should have the same effect 
on both d410 and d660. Therefore, in the subsequent sections, we will use the thickness 
of the MTZ as an indicator of the thermal structure of the MTZ, and the apparent d410 
and d660 depths to infer upper mantle velocity heterogeneities. 
4.1 IMPLICATIONS FOR THE DEPTH AND LATERAL EXTENT OF 
SUBDUCTED SLABS 
As demonstrated by numerous previous studies in the vicinity of modern or 
ancient subduction zones [e.g., Liu et al., 2003; Liu et al., 2016], the relationship between 
the depths (both the apparent and corrected) of the two MTZ discontinuities as well as the 
MTZ thicknesses can provide valuable constraints on the depth extent of cold slabs, and 
the existence of zones of high water content in the MTZ. 
The presence of a cold slab only in the upper mantle (Situation A) leads to highly 
correlated apparent uplifts of both discontinuities and a normal MTZ thickness. If the 
velocity correction is accurately performed, the apparent uplifts of the discontinuities 
diminish,  and the MTZ thicknesses remain normal. This is probably not the case for both 
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the Aleutians (Area A) and central Alaska (Area E), beneath both areas a thicker-than-
normal MTZ is observed on both the original and corrected maps (Figures 3.5 and 3.9c). 
If a slab penetrates both the upper mantle and the entire MTZ (Situation B), the 
apparent depth of the d410 is shallower than normal due to both the higher upper mantle 
velocities and the lower temperature in the upper MTZ which uplifts the d410. The 
behavior of the d660, however, is dependent on the competing effects of the higher upper 
mantle and MTZ velocities (which lead to an apparent uplift for the d660), and the 
negative temperature at the bottom of the MTZ (which results in its depression given the 
negative Clapeyron slope). Previous MTZ discontinuity studies for other subduction 
zones with confirmed existence of slabs in the lower MTZ showed that the temperature 
effect usually overcomes the effect of higher velocities, leading to deeper than normal 
apparent depths of the d660 [Liu et al., 2003; Liu et al., 2016]. For the velocity corrected 
depths, given the positive and negative Clapeyron slopes associated with the d410 and 
d660, respectively, the d410 is shallower, while the d660 is deeper than normal. 
A slab extending from the upper mantle to the upper MTZ (Situation C) results in 
a greater d410 apparent uplift than the d660, due to the thermal effect of the slab on the 
former. The low temperature is also responsible for a thicker-than-normal MTZ. After the 
velocity correction, the depth of the d660 becomes normal, and that for the d410 remains 
uplifted with a reduced magnitude relative to the apparent depth. 
For central Alaska, although Situation B cannot be completely ruled out due to 
uncertainties in the accuracy of the velocity anomalies, our measurements fit Situation C, 
i.e., cold slabs are mostly in the upper MTZ, the best.  This conclusion is consistent with 
both the recent tomographic studies shown in Figure 2, in which only minor high velocity 
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anomalies are imaged in the lower MTZ. Such a presence might be due to vertical 
smearing [Frederiksen et al., 1998; Martin-Short et al., 2016]. Alternatively, this could 
indicate greatly reduced temperature contrast between the slabs and the ambient mantle. 
However, given the previous observations [e.g., Liu et al., 2003; Liu et al., 2016] that the 
slab is cold enough to produce significantly depressed d660 in many other active 
subduction zones, this scenario is not plausible. 
Unlike the mostly planar pattern of the slab in the upper mantle shown in both the 
tomographic images (Figure 1.2) and the apparent depths of the MTZ discontinuities 
(Figure 7), the subducted slab seems segmented and spreading over a broader area in the 
MTZ, including directly beneath the trench in southern Alaska (eastern half of Region B). 
In addition, the thicker-than-normal MTZ beneath the Aleutians (Region A) is indicative 
of the existence of cold slabs in the MTZ, which is consistent with results from seismic 
tomography studies (Figures 1.2b and 1.2c) [Burdick et al., 2017]. 
While in principle the existence of hydrous mineral phases within the MTZ could 
affect the topography of both MTZ discontinuities by uplifting the d410 and depressing 
the d660 [Ohtani and Litasov, 2006; Ghosh et al., 2013], it is unlikely for the study area 
because 1) the presence of an anomalously large amount of water in the MTZ should 
result in a reduction of seismic velocities, which is inconsistent with the most recent 
tomographic studies (Figure 1.2); and 2) water should lead to a reduction of the 
amplitude of the d410 by broadening the vertical distance for the olivine-spinel phase 
transition. Such a reduction is not observed for central Alaska. 
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4.2 CHRACRTERISTICS OF THE LVL IN THE SLAB WINDOW 
One of the most prominent features in our results is the highly depressed d410 
beneath the NCSW (Region C in Figure 3.7). In the tomographic images of Burdick et al 
[2017], the low velocities in this area is mostly limited in the upper mantle, while Martin-
Short et al [2016] suggested that at least the NW part of this LVL extends to the lower 
MTZ (Figure 1.2f). In this area, the maximum apparent depression of the d410 is located 
at 137ºW by 58ºN, with an amplitude of 31 km. At the same location, the apparent depth 
of the d660 is 18 km, leading to 13 km apparent thinning of the MTZ. 
After velocity correction, the corresponding values are 26, 11, and 15 km (Figure 
3.9). If we assume that the 15 km MTZ thinning is solely from the depression of the 
d410, a 182 K thermal anomaly in the upper MTZ is required to produce the depression 
for an assumed Clapeyron slope of -2.9 MPa/K [Bina and Helffrich, 1994]. Using a 
scaling factor of dVp/dT = -4.8 ×10-4 km s-1 K-1 [Deal et al., 1999], this temperature 
anomaly causes a 1% velocity anomaly, which is comparable to the value reported by 
Martin-Short et al [2017] (Figure 1.2e), but is greater than that revealed by Burdick et al 
[2017] (lower than 0.3%; Figure 1.2b). 
The conclusion that the upper MTZ is hotter-than-normal provides constraints on 
a number of previously proposed mechanisms for the  formation mechanism of this LVL. 
First, as suggested by Frederiksen et al [1998], lithospheric collision induced straining 
heating [Kincaid and Silver, 1996] cannot explain the LVL, because it only affects the 
temperature of the upper 100 km of mantle. Second, the LVL is unlikely to be related to a 
mantle plume originating from the lower mantle, which is a frequently-used hypothesis to 
explain low velocity anomalies [e.g., Montelli et al., 2004]. The plume model would 
predict a shallowing of the d660, which is not observed in the study area. Third, the 
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observations provide supporting evidence for the model that involves advective upflow of 
hot material through the NCSW [Thorkelson et al., 2011; Frederiksen et al., 1998]. The 
reduced pressure in the slab window resulted in decompression\ partial melt and is 
responsible for the observed volcanism and the LVL in the area. This study confirms that 
the upflow is capable of causing significant temperature anomalies in areas as deep as the 




The resulting highly correlated apparent d410 and d660 depths (Figure 3.6) 
suggest strong upper mantle velocity heterogeneities corresponding to subducted slabs 
beneath central Alaska, a advective thermal upwelling through a slab window in the 
Northern Cordillera, and the thick continental lithosphere beneath the western edge of 
the North American Craton. The study confirms the existence of a subducted cold slab 
beneath central Alaska in the upper mantle, and provides strong evidence for its 
penetration into the upper MTZ, where the slab is probably broken into fragments, 
which spread over a broader area relative to its counterparts in the upper mantle. Our 
results show that the LVL observed in the Northern Cordilleran slab window extends to 
the upper MTZ, where the observed depression of the d410 corresponds to a thermal 





Using data from 5311 teleseismic events recorded by more than 400 broadband 
stations, a total of 75296 high-quality receiver functions were obtained. Stacking of the 
radial receiver functions reveals systematic variation of the d410 and d660 
discontinuities. The mean apparent depths for the d410 and d660 are 416±2 km and 
666±2 km, respectively. Using the Clapeyron slope of +2.9 MPa K−1 for d410, and -2.1 
MPa K−1 for d660, the mean associated temperature variation that corresponds to the 6km 
anomalies in the topography of the d410 and d660 are 345 K and 440 K, respectively. 
The mean thickness of the MTZ beneath Alaska and its adjacent areas is about 2km 
thinner than the global average of 250 km, suggesting normal MTZ conditions on 
average. The thicker-than-normal MTZ in central and south-central Alaska reveals that 
the subducted Pacific slab does thermally interact with the d410 and d660. Using the 
Clapeyron slopes aforementioned, the associated temperature anomaly beneath central 
Alaska is about 315 K colder than the ambient MTZ. The observed small regions with 
thick MTZ are proposed to result from either a recent or an ancient slab segments. The 
abnormally hot MTZ along the south and southeastern parts of Alaska is interpreted as 
result of the presence of low-velocity zone within the upper mantle due to an upwelling 
material beneath those regions. For most the areas, our study shows that lateral upper 









































































































































































































C. ALL THE RESULTING D410 AND D660 DEPTHS AND MTZ 

















NOTE: a value of zero indicates no reliable measurement for the bin. 
The columns are: 
clon - longitude of the circle's center 
clat - latitude of the circle's center 
d410 - depth of the d410 
sig4 - standard deviation of the depth of the d410 
d660 - depth of the d660 
sig6 - standard deviation of the depth of the d660 
MTZ - Mantle Transition Zone thickness 
sigm - standard deviation of MTZ thickness 
a4   - stacking amplitude of the d410 
a6   - stacking amplitude of the d660 





















a410 a660 NRFs 
-177 50 424 0.6 0 0 0 0 0.0493 0 187 
-177 51 413 1.4 653 1.2 239 1.8 0.0195 0.0133 375 
-177 52 404 1.2 655 1.5 251 2.1 0.0224 0.0216 247 
-176 50 420 1.8 0 0 0 0 0.0499 0 113 
-176 51 413 0.5 654 0.6 240 0.9 0.0419 0.0312 306 
-176 52 411 0.5 657 1.6 245 1.6 0.0358 0.0263 222 
-176 53 406 1.3 657 2 251 1.7 0.0293 0.0434 60 
-175 50 410 0 650 1.7 240 1.7 0.0356 0.09 68 
-175 51 413 0.4 654 1.2 240 1.2 0.0324 0.045 205 
-175 52 410 0.8 658 1.8 247 1.5 0.0333 0.0308 237 
-175 53 406 0.9 661 3 255 3.4 0.0294 0.0516 42 
-175 63 427 0.8 680 0.7 253 1.4 0.0348 0.0309 338 
-175 64 425 1.4 682 1.2 257 2.2 0.0153 0.0331 129 
-175 65 432 2.3 689 1.9 257 2.6 0.0307 0.0221 39 
-174 50 410 0 654 2.9 244 2.9 0.0251 0.0649 55 
-174 51 412 1.1 651 1 239 1.6 0.0255 0.0686 112 
-174 52 410 1.1 661 1.7 251 1.8 0.0306 0.0202 141 
-174 53 409 5 664 3.8 255 5.3 0.0332 0.0377 37 
-174 62 434 2.3 675 1.4 240 3.1 0.0152 0.0306 106 
-174 63 427 0.7 676 0.6 249 0.8 0.0317 0.0294 685 
-174 64 427 0.7 682 0.7 254 1.1 0.0306 0.03 431 
-174 65 426 1 689 0.4 263 1.1 0.0237 0.0233 103 
-173 51 414 1.5 654 2.8 239 3.1 0.0383 0.0464 39 
-173 52 409 2 664 3.6 254 4.2 0.0403 0.0238 54 
-173 53 415 2.8 665 2.9 250 3 0.0563 0.03 45 
-173 56 419 1.5 685 2.2 265 3.2 0.0251 0.0518 64 
-173 57 419 1.7 685 1.7 265 1.9 0.0318 0.0396 134 
-173 62 431 0.9 671 0.8 240 0.9 0.0322 0.0277 424 
-173 63 428 0.4 676 0.3 248 0.5 0.0333 0.0278 838 
-173 64 426 0.8 680 0.3 254 0.8 0.0305 0.0313 453 
-173 65 425 2.5 683 2 258 1.5 0.0237 0.0194 134 
-172 52 412 2.7 661 1.4 248 3.6 0.0263 0.0254 113 
  
121 
-172 53 411 2.5 663 2.5 252 3.6 0.0377 0.0245 116 
-172 56 417 0.9 686 1 269 1.2 0.0637 0.0354 270 
-172 57 418 1.9 684 1.4 266 2.7 0.0318 0.0411 175 
-172 58 426 4.7 689 1.6 262 5.2 0.0305 0.0323 50 
-172 62 430 0.7 670 0.7 240 0.9 0.0325 0.0277 397 
-172 63 427 0.6 676 0.4 248 0.7 0.0339 0.0275 857 
-172 64 428 0.8 682 1 254 0.8 0.0252 0.0269 409 
-172 65 424 1.3 679 1.6 254 2.4 0.015 0.0093 287 
-172 66 423 1.9 675 4.1 252 5.2 0.0301 0.0202 33 
-171 51 0 0 657 1.7 0 0 0 0.0207 85 
-171 52 417 3 658 1.8 241 2.7 0.0117 0.0325 341 
-171 53 412 1.1 663 3 250 3.7 0.0266 0.0339 235 
-171 55 412 1.8 0 0 0 0 0.0847 0 63 
-171 56 417 0.8 687 1 270 1.3 0.0668 0.0322 236 
-171 57 419 1.3 686 0.8 266 1.7 0.0399 0.0351 214 
-171 58 428 3.1 689 0.3 261 3.2 0.0364 0.0322 44 
-171 62 432 0.3 671 0.8 238 0.7 0.0363 0.0294 292 
-171 63 428 0.6 672 0.8 244 1.1 0.034 0.0246 592 
-171 64 431 1.4 679 1 247 1.8 0.0166 0.0229 245 
-171 65 424 2.4 668 2.9 244 4 0.0115 0.0074 578 
-171 66 425 2.3 674 2.1 248 3.3 0.0098 0.0133 250 
-171 67 439 1.5 669 1.7 230 2.8 0.03 0.0241 46 
-170 51 0 0 657 1.8 0 0 0 0.0207 239 
-170 52 418 1.9 661 2.6 243 3.7 0.0172 0.0231 522 
-170 53 412 0.8 669 1.9 256 2 0.0327 0.0294 320 
-170 54 0 0 659 1.2 0 0 0 0.023 142 
-170 56 416 0.8 0 0 0 0 0.0772 0 188 
-170 57 418 1.3 0 0 0 0 0.0455 0 136 
-170 63 430 0.5 0 0 0 0 0.042 0 241 
-170 64 424 0.7 0 0 0 0 0.017 0 606 
-170 65 422 1.1 663 1.8 241 1.8 0.0121 0.0089 837 
-170 66 424 1 670 1.8 246 2 0.008 0.0099 373 
-170 67 436 3.7 672 1.8 235 4.8 0.0164 0.0201 94 
-169 53 416 0.8 0 0 0 0 0.0267 0 737 
  
122 
-169 54 415 5.1 660 2 245 5.7 0.0209 0.0122 532 
-169 55 411 1.9 0 0 0 0 0.0215 0 95 
-169 56 417 0.3 0 0 0 0 0.0885 0 112 
-169 63 431 0.9 671 3.1 240 3.1 0.0471 0.0229 55 
-169 64 427 1.1 670 0.3 242 1.1 0.0167 0.0141 719 
-169 65 422 0.6 663 1 241 1.2 0.0125 0.0098 888 
-169 66 424 3.9 671 0.7 246 3.8 0.0077 0.0087 430 
-169 67 436 4.9 672 1.4 236 5.8 0.0116 0.0188 108 
-168 52 0 0 690 0 0 0 0 0.0161 513 
-168 53 414 1.1 690 0 275 1.1 0.0162 0.0127 1390 
-168 54 413 2.4 667 1.6 254 3.1 0.0204 0.0134 939 
-168 63 422 3 672 1.3 249 3.6 0.0209 0.0293 64 
-168 64 421 1.2 674 0.8 252 1.1 0.0146 0.018 740 
-168 65 423 1 673 1.5 250 1.9 0.0131 0.0102 1108 
-168 66 427 1.8 678 1.2 251 2 0.0128 0.014 403 
-168 67 434 4.3 673 1.1 239 4.3 0.0119 0.0196 103 
-167 52 0 0 690 0 0 0 0 0.0249 508 
-167 53 415 1.1 690 0 274 1.1 0.0146 0.0167 1306 
-167 54 415 1.3 0 0 0 0 0.0183 0 1088 
-167 63 425 0.8 675 1.4 249 1.4 0.0199 0.0133 325 
-167 64 425 0.4 673 0.7 248 0.8 0.0171 0.0145 865 
-167 65 422 1 675 0.8 252 1.3 0.0146 0.0132 868 
-167 66 423 0.9 679 1.4 255 1.7 0.0176 0.0172 303 
-167 67 0 0 667 1.5 0 0 0 0.0275 109 
-167 68 0 0 673 2.3 0 0 0 0.0328 99 
-166 52 0 0 690 0 0 0 0 0.0242 324 
-166 53 417 1.2 690 0 273 1.2 0.01 0.0217 998 
-166 54 412 1.6 670 0.6 258 1.9 0.0173 0.0195 839 
-166 55 395 2.8 669 3.3 274 4.1 0.0169 0.0137 315 
-166 63 426 0.6 675 1.5 249 1.8 0.0188 0.01 299 
-166 64 424 1 675 0.9 250 1 0.0153 0.0166 679 
-166 65 422 1.2 676 0.7 253 1 0.0159 0.0182 330 
-166 66 423 1.1 681 1.2 257 1.8 0.0281 0.022 163 
-166 67 405 3.2 672 0.9 267 3.7 0.0237 0.0252 291 
  
123 
-166 68 405 0.4 666 2 261 2 0.0435 0.0247 265 
-166 69 403 0.5 0 0 0 0 0.0673 0 49 
-165 53 419 1.3 686 3.6 266 4.5 0.0182 0.0176 496 
-165 54 412 2.1 674 0.9 262 2.4 0.0206 0.0209 541 
-165 55 407 3.7 672 2.3 265 4.8 0.0159 0.0184 292 
-165 63 427 0.7 675 1.8 247 2.1 0.0199 0.0066 267 
-165 64 423 1 673 1.1 250 1.8 0.0127 0.0143 561 
-165 65 425 0.7 676 1.3 251 1.4 0.0216 0.019 287 
-165 66 426 0.8 681 1.2 255 1.4 0.0256 0.0185 152 
-165 67 406 1.6 669 0.7 263 1.6 0.0325 0.0223 397 
-165 68 404 0.8 667 1.6 263 1.8 0.0422 0.0218 338 
-165 69 403 0.8 0 0 0 0 0.056 0 75 
-165 70 403 2.4 0 0 0 0 0.0276 0 39 
-164 53 417 1.5 0 0 0 0 0.0215 0 218 
-164 54 415 0.7 676 2.5 261 2.9 0.0244 0.0174 444 
-164 55 411 3.3 667 2.1 256 3.4 0.0197 0.0221 208 
-164 63 428 2.1 0 0 0 0 0.0191 0 153 
-164 64 427 2 0 0 0 0 0.012 0 269 
-164 65 427 2.1 666 1.3 239 3 0.0141 0.0238 225 
-164 66 429 1.3 0 0 0 0 0.0266 0 102 
-164 67 406 1 670 0.8 264 1.3 0.0336 0.021 407 
-164 68 404 1 668 1.9 263 2.6 0.0378 0.0211 424 
-164 69 403 0.7 0 0 0 0 0.0527 0 82 
-164 70 402 0.8 0 0 0 0 0.0424 0 50 
-163 53 420 0.7 0 0 0 0 0.0352 0 57 
-163 54 411 3.2 0 0 0 0 0.028 0 228 
-163 64 418 2.1 665 0 246 2.1 0.007 0.0218 178 
-163 65 428 2.1 664 1.7 236 2.7 0.0131 0.0222 237 
-163 66 431 1.4 667 1.3 236 2.1 0.0283 0.02 126 
-163 67 407 1.3 669 1.2 261 1.7 0.0294 0.0223 413 
-163 68 404 0.5 668 1.1 264 1.4 0.0353 0.0218 455 
-163 69 402 0.4 0 0 0 0 0.0476 0 92 
-163 70 402 1.2 0 0 0 0 0.0356 0 44 
-162 56 420 1.4 0 0 0 0 0.0213 0 39 
  
124 
-162 64 426 4.4 670 0 243 4.4 0.007 0.0234 140 
-162 65 428 1.5 668 1 239 2 0.0176 0.0262 202 
-162 66 433 1.6 670 1 237 1.7 0.0237 0.0189 97 
-162 67 0 0 670 3.3 0 0 0 0.0177 264 
-162 68 404 0.6 660 2 255 2.4 0.0556 0.02 197 
-162 69 401 0.6 0 0 0 0 0.047 0 77 
-162 70 402 2 0 0 0 0 0.021 0 34 
-161 54 425 2.6 0 0 0 0 0.0369 0 80 
-161 56 420 0.8 0 0 0 0 0.0386 0 85 
-161 57 427 4.8 0 0 0 0 0.0354 0 37 
-161 64 434 1.9 670 0 235 1.9 0.0116 0.032 84 
-161 65 428 1.8 669 0.9 240 2.5 0.0163 0.0271 198 
-161 66 438 2.1 668 3.7 230 4.1 0.0199 0.0128 59 
-161 67 0 0 671 3.8 0 0 0 0.0206 143 
-161 68 0 0 661 1.7 0 0 0 0.0211 60 
-161 71 413 2.8 665 0.8 251 3.2 0.0286 0.0553 45 
-160 54 419 2.1 0 0 0 0 0.0349 0 48 
-160 55 0 0 672 2.1 0 0 0 0.0151 122 
-160 56 421 1 0 0 0 0 0.0219 0 118 
-160 57 425 4.7 0 0 0 0 0.0333 0 62 
-160 60 417 2.3 0 0 0 0 0.0197 0 33 
-160 63 0 0 677 1.6 0 0 0 0.0423 50 
-160 64 437 1.7 675 0 238 1.7 0.0274 0.0323 62 
-160 65 430 1.8 674 3.3 243 3.5 0.0194 0.0284 81 
-160 66 441 0.6 0 0 0 0 0.0239 0 41 
-160 71 417 2.3 663 1.9 246 3.3 0.016 0.0224 107 
-159 54 422 3.4 0 0 0 0 0.0499 0 33 
-159 55 0 0 669 1 0 0 0 0.0249 79 
-159 56 417 1.8 0 0 0 0 0.0236 0 132 
-159 57 427 2.1 0 0 0 0 0.0354 0 50 
-159 59 415 3.6 0 0 0 0 0.0111 0 100 
-159 60 420 2.9 669 1.2 248 3.4 0.0168 0.0166 76 
-159 61 0 0 674 1.6 0 0 0 0.0219 201 
-159 62 427 1.2 680 1.1 252 1.1 0.0244 0.0349 118 
  
125 
-159 63 428 0.9 679 1.2 250 1.3 0.0241 0.0297 111 
-159 64 427 1.3 678 1.7 251 1.6 0.0207 0.0275 108 
-159 65 422 1.8 679 3.2 256 3.7 0.0219 0.027 100 
-159 66 424 0.9 675 2.3 250 2.1 0.0097 0.0382 30 
-159 70 415 1.1 664 0.7 248 1.1 0.0142 0.0195 117 
-159 71 416 1.5 663 1.2 247 2.2 0.0165 0.0234 153 
-159 72 406 3.6 659 0.8 252 3.6 0.0178 0.0505 37 
-158 55 0 0 670 0.9 0 0 0 0.0238 84 
-158 56 418 2.7 0 0 0 0 0.0181 0 89 
-158 58 421 2.4 674 1.3 252 3.3 0.0037 0.011 295 
-158 59 0 0 672 1.3 0 0 0 0.0118 293 
-158 60 424 3.4 673 1.5 249 3.4 0.0113 0.0173 391 
-158 61 424 1.6 676 1.2 251 2.2 0.0091 0.0207 376 
-158 62 426 0.8 678 1.2 251 1.6 0.0137 0.0193 408 
-158 63 429 0.9 680 0.9 251 1.2 0.0224 0.0289 178 
-158 64 427 1.3 678 2.1 251 2.3 0.0192 0.0239 210 
-158 65 423 1.5 682 2.2 258 2.2 0.017 0.0244 142 
-158 70 414 1.4 659 3.9 244 3.6 0.0153 0.0192 119 
-158 71 415 2.4 657 2.8 242 3.6 0.0166 0.0193 188 
-158 72 412 3.6 659 1 246 3.4 0.0178 0.0398 60 
-157 55 0 0 672 2.4 0 0 0 0.0303 50 
-157 57 426 1.8 675 2.9 249 3.4 0.0221 0.0117 178 
-157 58 426 6 676 1.4 250 6.1 0.01 0.0116 420 
-157 59 0 0 675 1.5 0 0 0 0.0155 516 
-157 60 422 2.6 673 1 251 2.5 0.0082 0.0168 541 
-157 61 428 3.9 675 1.1 247 4 0.0078 0.0193 619 
-157 62 426 0.7 678 0.6 252 1 0.012 0.0179 452 
-157 63 424 4.6 680 1.2 256 4.4 0.0187 0.0216 344 
-157 64 428 2.4 675 2.6 247 3.7 0.0137 0.0189 288 
-157 65 426 1.1 681 1.4 255 1.8 0.0166 0.0206 176 
-157 66 426 2.2 676 3.3 250 3.5 0.0123 0.0311 43 
-157 70 415 1.5 653 2.1 237 2.9 0.0153 0.0231 115 
-157 71 414 1.6 650 4.8 235 5.5 0.0166 0.0199 192 
-157 72 412 4 659 1.2 246 3.8 0.0138 0.0349 60 
  
126 
-156 55 0 0 668 2.4 0 0 0 0.0344 35 
-156 57 425 0.7 0 0 0 0 0.022 0 358 
-156 58 426 4.7 676 1.8 249 4.1 0.0117 0.0157 597 
-156 60 419 1.1 669 1 249 1.2 0.0088 0.0118 773 
-156 61 429 1.6 677 1.1 248 2.3 0.0059 0.0152 927 
-156 62 425 0 680 1.5 255 1.5 0.0117 0.0151 426 
-156 63 0 0 674 1.9 0 0 0 0.0142 840 
-156 64 410 1.2 664 1.1 254 1.6 0.0203 0.0185 544 
-156 65 418 1.3 678 3.1 259 2.8 0.018 0.0193 232 
-156 66 421 2.6 672 2.3 251 3.6 0.0182 0.0153 109 
-156 67 406 1.3 667 2.5 261 3.3 0.0316 0.0198 45 
-156 70 0 0 648 2.6 0 0 0 0.0207 102 
-156 71 415 1.4 654 4.2 239 3.8 0.0161 0.02 192 
-156 72 406 1.8 661 1.6 254 2.3 0.018 0.0252 49 
-155 56 0 0 669 0.4 0 0 0 0.0259 204 
-155 57 428 1.2 0 0 0 0 0.014 0 439 
-155 58 424 2.2 679 0.9 255 2.6 0.0105 0.012 690 
-155 60 425 2.8 670 0.7 245 3 0.0055 0.0097 1157 
-155 62 423 0 670 0 247 0 0.008 0.0115 908 
-155 63 397 0.8 663 0.7 266 1.3 0.0125 0.0104 1611 
-155 64 403 0.5 661 1.1 257 1.4 0.0223 0.0149 1273 
-155 65 413 1.3 672 2.4 259 2.6 0.0194 0.0171 373 
-155 66 423 1.9 672 1.6 248 2.9 0.0221 0.0185 151 
-155 67 407 1.8 664 1.8 256 2.6 0.0197 0.0225 71 
-155 68 407 1.9 661 2.5 254 4 0.0277 0.0375 32 
-155 70 420 3.4 653 2.2 233 4.5 0.0178 0.0283 79 
-155 71 418 2.2 649 1.8 230 2.3 0.0113 0.0203 141 
-155 72 403 5.1 659 4.3 255 6.7 0.0193 0.017 38 
-154 56 0 0 670 0 0 0 0 0.0247 212 
-154 57 428 1.4 0 0 0 0 0.0098 0 428 
-154 60 421 1.7 661 1.5 240 2.3 0.0063 0.015 1461 
-154 61 0 0 665 0 0 0 0 0.009 907 
-154 62 0 0 666 1.8 0 0 0 0.0095 1255 
-154 63 397 0.5 669 2.4 271 2.4 0.0116 0.0072 2595 
  
127 
-154 64 402 0.7 669 2.8 267 2.9 0.0137 0.0085 2354 
-154 65 402 0.8 665 0 262 0.8 0.0198 0.0153 940 
-154 66 424 1.5 667 0.8 242 1.9 0.0248 0.0238 380 
-154 67 422 4.1 667 1.2 245 4.6 0.0072 0.0185 692 
-154 68 424 2.1 667 1.2 243 3 0.0138 0.0187 270 
-154 69 415 2.8 0 0 0 0 0.0381 0 39 
-154 71 420 1.6 0 0 0 0 0.0149 0 33 
-153 59 0 0 666 0.9 0 0 0 0.0149 1546 
-153 60 420 1.5 661 0.8 241 2 0.0063 0.0201 1899 
-153 61 0 0 659 1 0 0 0 0.0166 2123 
-153 62 420 1.3 660 0 239 1.3 0.0074 0.0088 2104 
-153 63 393 1.2 660 0 266 1.2 0.0073 0.0051 3822 
-153 64 398 2 0 0 0 0 0.0083 0 3449 
-153 65 402 0.8 660 0.8 258 0.9 0.0158 0.0135 1580 
-153 66 421 0.6 663 1.5 241 1.8 0.0167 0.0177 1134 
-153 67 423 3.6 665 0.9 242 4.4 0.0095 0.0145 1449 
-153 68 425 3 670 1.1 245 3.2 0.0086 0.0134 1218 
-153 69 422 0.7 667 1.3 245 1.2 0.0204 0.0171 396 
-153 70 417 1.3 662 1.1 244 2 0.0273 0.0267 115 
-153 71 417 2.7 0 0 0 0 0.0143 0 35 
-152 56 0 0 665 2.2 0 0 0 0.0376 79 
-152 57 436 1.8 0 0 0 0 0.0504 0 66 
-152 58 422 1.1 674 2.8 252 3.3 0.0137 0.0149 396 
-152 59 418 0.7 665 0.8 247 1.1 0.0064 0.0222 1380 
-152 60 422 1.7 663 0.5 240 1.6 0.0081 0.0231 3187 
-152 61 418 1.1 661 0.5 242 1.3 0.0143 0.0235 3963 
-152 62 417 0.7 655 0.8 238 1.3 0.0117 0.0154 3641 
-152 63 387 1.2 0 0 0 0 0.0065 0 5367 
-152 64 398 1.4 0 0 0 0 0.0075 0 4426 
-152 65 400 0.8 0 0 0 0 0.0133 0 2999 
-152 66 421 2.3 662 0.7 240 2.4 0.0104 0.0159 1536 
-152 67 421 1.3 666 0.3 244 1.3 0.0099 0.0141 1939 
-152 68 425 2.9 668 1 243 3.4 0.0072 0.0124 1655 
-152 69 421 1.3 668 1.7 247 2.1 0.0124 0.0146 719 
  
128 
-152 70 414 2.5 664 1 250 3.1 0.0183 0.024 232 
-152 71 421 2 662 2.3 240 3 0.0201 0.0196 42 
-151 57 437 1.5 0 0 0 0 0.0514 0 51 
-151 58 419 0.7 676 1.8 256 2.4 0.012 0.0183 309 
-151 59 421 0.9 666 0.9 244 1.4 0.0081 0.0215 1415 
-151 60 423 1.7 663 0.5 240 1.5 0.0102 0.0248 3610 
-151 61 418 0.7 661 0.5 242 1 0.0147 0.0255 5036 
-151 62 411 0.6 654 0.5 242 0.8 0.0136 0.0202 5014 
-151 63 398 2.4 646 0.5 247 2.6 0.0047 0.0179 6164 
-151 64 390 1.6 0 0 0 0 0.0077 0 5760 
-151 65 399 0.6 0 0 0 0 0.0116 0 5074 
-151 66 405 3.7 659 1.5 253 3.6 0.0107 0.0119 2056 
-151 67 422 1.2 665 0.5 242 1.2 0.0104 0.0141 2215 
-151 68 425 1.3 666 0.9 241 1.5 0.0071 0.0124 1700 
-151 69 421 0.7 667 0.5 246 1.1 0.0117 0.0153 835 
-151 70 415 1 663 1.6 248 1.3 0.0154 0.02 320 
-151 71 421 2 0 0 0 0 0.015 0 76 
-150 58 420 3.3 671 3.2 250 2.1 0.0126 0.0183 177 
-150 59 423 0.7 668 0.5 245 0.8 0.007 0.021 1113 
-150 60 425 1 663 0.3 238 0.9 0.0141 0.0273 3545 
-150 61 420 0.4 661 0.3 240 0.7 0.0158 0.0264 5234 
-150 62 408 1 653 0.6 244 1.1 0.0148 0.0214 5358 
-150 63 399 1.6 647 0.5 248 1.4 0.0068 0.0194 6040 
-150 64 392 1.4 0 0 0 0 0.0077 0 7695 
-150 65 397 0.5 0 0 0 0 0.0118 0 6040 
-150 66 401 1.5 660 0.7 259 1.2 0.0099 0.0106 2985 
-150 67 421 0.9 665 0.8 243 1.4 0.0096 0.0131 2137 
-150 68 422 1.3 666 0.7 244 1.3 0.0105 0.0138 1474 
-150 69 420 1.1 666 1.1 246 1.3 0.0122 0.0155 851 
-150 70 415 2.6 664 1.2 248 2.7 0.0145 0.0174 362 
-150 71 422 1.7 666 1.6 244 2.4 0.018 0.0126 112 
-149 58 421 0.7 0 0 0 0 0.0372 0 59 
-149 59 422 1.2 661 0.5 239 1.1 0.0086 0.0211 806 
-149 60 428 0.5 663 0 234 0.5 0.0154 0.0253 2728 
  
129 
-149 61 422 0.7 660 0.5 237 1 0.0161 0.0269 4206 
-149 62 408 0.8 653 0.5 244 0.9 0.0141 0.0233 4716 
-149 63 405 1 649 0.8 243 1.1 0.0126 0.0186 5996 
-149 64 394 1.3 0 0 0 0 0.0084 0 7953 
-149 65 396 0.8 0 0 0 0 0.01 0 6331 
-149 66 398 1.2 0 0 0 0 0.0089 0 2865 
-149 67 422 1.4 668 1 245 1.9 0.0101 0.0122 1619 
-149 68 421 1.6 666 1.4 245 1.5 0.0079 0.012 965 
-149 69 416 1.5 663 1.7 247 2.3 0.0121 0.0141 696 
-149 70 414 1.2 665 1.2 250 1.3 0.0153 0.0156 364 
-149 71 423 3.6 667 2.3 243 4.1 0.0136 0.0119 106 
-148 59 430 0 656 0.7 226 0.7 0.0108 0.0247 542 
-148 60 424 1 661 0.6 237 1.1 0.0172 0.0251 2201 
-148 61 0 0 660 0.7 0 0 0 0.0235 3774 
-148 62 405 0.6 652 0.3 247 0.8 0.0155 0.0219 3783 
-148 63 407 0.5 651 0.6 243 0.5 0.0141 0.0168 5388 
-148 64 394 1.8 0 0 0 0 0.0087 0 6843 
-148 65 394 0.5 0 0 0 0 0.0103 0 6392 
-148 66 387 1.5 672 0.9 284 1.8 0.0076 0.0101 2235 
-148 67 427 3 672 1.6 245 1.8 0.0066 0.0166 1067 
-148 68 419 2.2 665 1.1 246 2.7 0.0121 0.0136 375 
-148 69 415 1.3 664 2 248 2.5 0.0152 0.0104 358 
-148 70 416 2.6 667 2.5 251 3.2 0.017 0.0126 296 
-148 71 425 1.1 0 0 0 0 0.0212 0 84 
-147 59 422 0.6 659 1.4 236 1.9 0.0268 0.0199 419 
-147 60 411 0.8 664 0.7 253 1.4 0.0155 0.0178 2556 
-147 61 405 0.7 660 0.5 255 0.8 0.0133 0.0186 3847 
-147 62 405 0.9 658 0.5 252 0.9 0.0137 0.0201 3405 
-147 63 411 1.1 657 0.7 246 1.6 0.0156 0.0136 3964 
-147 64 393 0.5 0 0 0 0 0.0086 0 5751 
-147 65 388 0.9 671 1.3 282 1.4 0.0101 0.0053 3832 
-147 66 387 0.9 673 1.5 285 1.6 0.0101 0.0103 1721 
-147 67 0 0 675 0 0 0 0 0.0178 939 
-147 68 415 1.6 662 2.4 247 3 0.0206 0.0159 243 
  
130 
-147 69 414 1.9 0 0 0 0 0.0183 0 211 
-147 70 412 2.2 0 0 0 0 0.0197 0 156 
-147 71 423 2.9 0 0 0 0 0.0262 0 66 
-146 59 418 1.4 0 0 0 0 0.0195 0 501 
-146 60 413 0.5 667 1.3 254 1.2 0.0144 0.0162 3170 
-146 61 407 0.5 666 1.1 259 0.9 0.0157 0.0178 5407 
-146 62 407 0.5 662 0.3 254 0.5 0.0154 0.0189 3469 
-146 63 414 0.7 662 0.9 248 1.2 0.0162 0.0151 3463 
-146 65 389 0.3 672 1.6 283 1.5 0.0128 0.0069 1879 
-146 66 388 0.8 673 1.6 285 1.6 0.0115 0.0133 1101 
-146 67 0 0 671 2.6 0 0 0 0.0225 602 
-146 68 415 1.8 665 0 249 1.8 0.0198 0.015 185 
-146 69 415 1 0 0 0 0 0.0228 0 115 
-146 70 415 2.9 0 0 0 0 0.0311 0 81 
-145 59 417 0.5 0 0 0 0 0.0287 0 990 
-145 60 415 0.3 669 0.5 254 0.7 0.0215 0.0183 4624 
-145 61 409 0.4 671 0.5 261 0.5 0.0169 0.0179 6645 
-145 62 409 0.7 669 1.1 260 0.9 0.0165 0.0163 3537 
-145 63 416 0.8 666 0.7 250 1.2 0.0148 0.0151 2577 
-145 64 0 0 670 0 0 0 0 0.0085 2774 
-145 65 391 1 674 1.5 282 2.1 0.0123 0.0108 1622 
-145 66 390 1.3 670 0.4 279 1.6 0.013 0.0115 623 
-145 67 0 0 671 3.2 0 0 0 0.0321 418 
-145 68 0 0 666 1.3 0 0 0 0.0162 108 
-145 69 416 1.4 0 0 0 0 0.0278 0 77 
-145 70 415 4 0 0 0 0 0.0207 0 44 
-144 59 419 0.5 668 1.1 248 1.3 0.0227 0.0169 1373 
-144 60 416 0.5 671 0.6 255 0.8 0.0214 0.0206 6022 
-144 61 414 0.4 672 0.5 258 0.7 0.018 0.0207 7098 
-144 62 412 0.6 670 0.5 258 0.5 0.0176 0.019 3795 
-144 63 414 0.7 669 0.4 255 0.8 0.0161 0.0122 2040 
-144 64 0 0 674 2.5 0 0 0 0.009 2195 
-144 65 0 0 672 2.1 0 0 0 0.0162 1191 
-144 66 387 1 669 1.8 281 2.2 0.0163 0.0134 432 
  
131 
-144 67 0 0 665 0.9 0 0 0 0.0125 147 
-144 68 0 0 656 2.8 0 0 0 0.027 67 
-144 69 416 4.1 0 0 0 0 0.0154 0 34 
-143 59 420 0.7 674 1.4 253 1.7 0.0199 0.0182 1725 
-143 60 418 0.3 671 0.6 253 0.5 0.0224 0.0218 6056 
-143 61 415 0.3 673 0.3 257 0.4 0.0202 0.0226 6614 
-143 62 415 0.8 672 0.5 256 1 0.0166 0.0207 3274 
-143 63 417 0.5 668 0.5 251 0.7 0.0192 0.0146 1520 
-143 64 415 0 675 1.3 260 1.3 0.0042 0.0087 1236 
-143 65 409 1.4 674 1.6 265 2.3 0.0083 0.0155 1060 
-143 66 0 0 673 3.6 0 0 0 0.0129 454 
-143 68 0 0 654 2.5 0 0 0 0.038 44 
-143 69 0 0 661 3.3 0 0 0 0.0194 30 
-142 58 0 0 666 2.2 0 0 0 0.0496 38 
-142 59 425 1.1 674 1.2 249 1.8 0.0113 0.0164 1887 
-142 60 419 0.5 673 0.3 254 0.5 0.0189 0.0225 5185 
-142 61 418 0.6 673 0.5 255 0.8 0.0202 0.0231 4743 
-142 62 417 0.4 670 0.8 252 1 0.0184 0.0185 1938 
-142 63 413 0.9 665 0.7 252 1.3 0.015 0.0115 975 
-142 65 408 1.8 676 1.6 268 2 0.0056 0.0136 935 
-142 66 0 0 671 2 0 0 0 0.0119 383 
-142 67 0 0 665 2 0 0 0 0.023 62 
-141 58 408 1.1 0 0 0 0 0.0418 0 142 
-141 59 425 0 675 0.8 250 0.8 0.0059 0.0172 1762 
-141 60 423 1.1 674 0.6 250 1.4 0.0127 0.022 3532 
-141 61 422 0.5 673 0.4 251 0.6 0.0183 0.023 2408 
-141 62 420 1.2 669 0.5 249 1.2 0.018 0.0177 888 
-141 63 415 1.6 661 1.1 246 1.8 0.012 0.01 659 
-141 65 412 3.2 675 1.7 263 4.6 0.0064 0.0131 830 
-141 66 414 1.4 673 3.8 259 3.7 0.0115 0.0104 234 
-141 67 416 1.3 665 2.2 249 2.1 0.0196 0.0222 84 
-140 58 408 0.9 0 0 0 0 0.0413 0 262 
-140 59 0 0 679 3 0 0 0 0.0137 1391 
-140 60 428 0.8 673 1 245 1.1 0.0126 0.0182 2161 
  
132 
-140 61 424 1.2 670 0.9 245 1.9 0.0152 0.0201 905 
-140 62 418 2.6 671 1.4 252 3.4 0.0141 0.014 384 
-140 63 416 1.6 661 0.9 245 2 0.0183 0.0159 262 
-140 65 407 2.5 669 1.1 261 3.1 0.0107 0.0147 286 
-140 67 416 1.2 0 0 0 0 0.0218 0 130 
-139 58 409 0.6 0 0 0 0 0.0349 0 265 
-139 59 0 0 675 0 0 0 0 0.0117 937 
-139 60 430 0.9 675 1.4 245 1.2 0.0167 0.0175 1009 
-139 61 430 0 670 2.1 240 2.1 0.015 0.0177 382 
-139 62 422 3.1 670 3.1 248 3.9 0.0181 0.0132 140 
-139 63 411 4.9 663 2.5 251 4.5 0.0172 0.0174 171 
-139 64 407 0.8 661 0.4 254 0.9 0.0189 0.0183 230 
-139 65 405 1.2 659 3.1 253 3.2 0.0151 0.0116 218 
-139 66 404 1.6 647 2.2 242 2.7 0.0097 0.007 295 
-139 67 411 1.8 649 4.3 238 4.8 0.0206 0.0112 162 
-138 57 437 2 674 2.6 237 2.8 0.016 0.0175 193 
-138 58 0 0 679 1.8 0 0 0 0.0168 303 
-138 59 437 2 683 1.6 246 2.5 0.0098 0.0223 486 
-138 60 435 2 670 0 234 2 0.0205 0.0081 303 
-138 61 0 0 674 3 0 0 0 0.0138 126 
-138 63 407 1.5 663 4.8 256 5.1 0.0293 0.0186 88 
-138 64 407 0.7 659 1.9 251 1.7 0.0212 0.0223 145 
-138 65 401 1.9 654 3.8 252 3.6 0.0154 0.0077 160 
-138 66 403 2.3 646 3.4 242 4 0.0119 0.0097 242 
-138 67 411 2.4 647 4 236 4.6 0.0177 0.0105 161 
-138 68 403 1.5 648 2.7 245 2.5 0.034 0.0222 46 
-138 69 403 0.8 647 1.5 244 1.9 0.02 0.0174 102 
-137 56 440 0 0 0 0 0 0.0313 0 95 
-137 57 439 0.6 673 1.5 233 1.6 0.0172 0.012 265 
-137 58 441 0.9 678 2 236 2.7 0.0134 0.0165 554 
-137 59 439 0.4 683 2.1 243 2.1 0.0217 0.023 502 
-137 60 432 2.1 0 0 0 0 0.0204 0 193 
-137 61 0 0 669 3.5 0 0 0 0.0192 93 
-137 62 0 0 670 1.3 0 0 0 0.0164 53 
  
133 
-137 63 404 1.2 0 0 0 0 0.0249 0 69 
-137 64 409 1.4 666 2.5 257 3.1 0.0245 0.0265 57 
-137 65 405 0.7 651 0.8 246 1.2 0.0225 0.0203 130 
-137 66 401 1.6 645 2.3 243 1.8 0.0114 0.016 220 
-137 67 410 2.1 648 3.9 237 4.4 0.0188 0.0117 158 
-137 68 396 0.5 646 0.5 250 0.8 0.0174 0.0281 850 
-137 69 396 0.3 645 0.8 248 1.1 0.027 0.0204 791 
-136 56 440 0 0 0 0 0 0.0286 0 252 
-136 57 440 0 673 2.1 233 2.1 0.0182 0.0107 396 
-136 58 440 1.3 679 2.3 238 2.3 0.0164 0.0168 583 
-136 59 439 0.6 678 1.6 239 1.6 0.0207 0.0209 497 
-136 60 436 2.7 673 2.6 237 4.6 0.0177 0.0172 259 
-136 61 429 2.1 673 1.4 244 1.9 0.0045 0.0207 152 
-136 63 405 1.4 658 2.8 253 3 0.0233 0.0189 53 
-136 64 411 3.5 666 3 254 2 0.0193 0.0333 46 
-136 65 406 0.8 652 0.5 246 0.9 0.026 0.0317 90 
-136 66 401 1.1 645 1.5 243 1.7 0.0183 0.0214 154 
-136 67 403 0.4 650 0.5 247 0.6 0.0339 0.0274 297 
-136 68 398 0.3 646 0.5 248 0.5 0.023 0.0249 1304 
-136 69 396 0.4 645 0.5 248 0.7 0.0233 0.0191 1072 
-136 70 400 0.8 646 1.4 246 1.7 0.0231 0.0208 164 
-135 55 434 0.9 0 0 0 0 0.0201 0 209 
-135 56 440 0 0 0 0 0 0.0237 0 360 
-135 57 439 0.9 0 0 0 0 0.0226 0 410 
-135 58 441 0.7 681 1.9 240 2.1 0.0188 0.0165 458 
-135 59 440 0 678 1.6 238 1.6 0.0203 0.0203 487 
-135 60 439 1.9 668 1.4 229 2.7 0.0088 0.0139 245 
-135 61 0 0 674 2.8 0 0 0 0.0188 208 
-135 62 0 0 665 1.4 0 0 0 0.0158 85 
-135 65 408 2 656 1.7 248 3.3 0.029 0.0383 55 
-135 66 407 0.5 653 1.2 246 1.3 0.0202 0.047 57 
-135 67 403 0.5 649 1 246 0.9 0.0327 0.0294 359 
-135 68 398 0.5 646 0.7 247 1 0.0232 0.0247 1353 
-135 69 396 0.5 645 0.5 248 0.6 0.0226 0.0206 1185 
  
134 
-135 70 399 0.3 652 2.3 252 2.4 0.0209 0.0137 264 
-134 55 434 0.7 0 0 0 0 0.0186 0 221 
-134 56 438 1 0 0 0 0 0.0204 0 337 
-134 57 433 0.8 675 1.6 241 2.1 0.0215 0.0177 302 
-134 58 435 1.1 0 0 0 0 0.0191 0 305 
-134 59 440 0 0 0 0 0 0.019 0 204 
-134 60 433 2.7 668 2.3 235 3.5 0.011 0.0115 242 
-134 61 425 2.9 673 2.2 248 3.1 0.0141 0.0188 218 
-134 62 427 5.2 671 1.6 244 5.4 0.0096 0.014 80 
-134 65 406 2 655 3.2 248 4.1 0.0222 0.0414 40 
-134 66 404 1 647 1.6 243 1.7 0.0249 0.0366 75 
-134 67 403 0.5 646 0.3 243 0.6 0.028 0.0232 594 
-134 68 398 0.5 645 0.6 247 0.8 0.0225 0.0236 1496 
-134 69 396 0.4 645 0.6 249 0.7 0.0225 0.0199 1216 
-134 70 399 1 651 2.2 251 2.8 0.0198 0.0142 284 
-133 55 434 0.6 0 0 0 0 0.0181 0 233 
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